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Abstract 
A stress-strain curve is generally measured by tensile testing or compression testing. In some metal forming processes, the 
maximum strain exceeds 5.0 (500%); however, the standard testing methods can only measure an stress-strain curve up to a 
strain of 1.0. Therefore, a new method was developed that enables us to measure a stress-strain curve for strains up to 10.0. 
High-pressure torsion was applied for the measurement. Using high-pressure torsion, it is possible to introduce larger strains 
than conventional methods. A stress-strain curve measurement was performed for pure aluminum. The stress-strain curve 
measured using the developed method was compared with that obtained using a compression test. It is confirmed that the flow 
stress was successfully measured up to a strain of 10.0. In addition, the results for the developed method correspond with that of 
the compression test up to a strain of 1.0. 
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1. Introduction 
In some metal forming processes, the maximum strain exceeds 5.0 (500%). However, there is no measurement 
method to cover such a large strain range. In this study, a method of measuring the stress-strain curve for strains up 
to 10.0 is developed.  
It is difficult to introduce strains exceeding 1.0 with general material testing methods. On the other hand, for the 
last 20 years, a material processing method has been applied to conduct severe plastic deformation and to improve 
material properties. The severe plastic deformation processing method is high-pressure torsion, shown in Bridgman 
(1952) and Zhilyaev (2003). With this severe plastic deformation processing methods, it is possible to continue to 
deform a material without fracture. In this study, high-pressure torsion was applied for the measurement. The strain 
introduced into a material by high-pressure torsion testing is not uniform; therefore, a procedure that takes the 
strain distribution into account must also be developed. 
2. Experimental methods 
2.1. High-pressure torsion test 
The material used for the specimens was pure aluminum (99.9%). The specimen dimensions used and the 
experimental setup are shown in Fig. 1. All of the surfaces of the specimen were enclosed by the upper and lower 
dies and the ring. Therefore, the specimen dimensions did not change during high-pressure torsion testing. In order 
to suppress sliding between the specimen and the upper and lower dies, small hollows and grooves were machined 
into the contacting surfaces of the upper and lower dies. The specimen was compressed at 1 GPa between the dies 
and was subsequently torsionally strained by the rotation of the upper die. Due to the high pressure, the specimen 
can be continuously strained without breaking. The rotation speed of the upper die was 1 rpm. The compression 
load, rotation angle, and torque of the upper die were measured during the test at room temperature.    
2.2. Compression test 
A compression test was conducted to validate the stress-strain curve measured using the developed method. The 
initial diameter and height of the specimens were 14 and 21 mm, respectively. For the contacting surface of the 
upper and lower dies, concentric circles were grooved to prevent the sliding of the specimens. The measured load 
and displacement were converted into a stress-strain curve based on the procedure proposed by Osakada et al. 
(1981). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Dimensions of specimen, and (b) schematic diagram of experimental setup for high-pressure torsion tests. 
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Fig. 2. (a) 3D view of the calculation model and (b) schematic view. 
 
3. Calculation method 
In order to calculate the strain in a high-pressure torsion specimen, FEM simulations were conducted. The FEM 
simulations were conducted with the commercial FEM software, FORGE (Transvalor S.A., France). 
The sticking condition between the specimen and the upper and lower dies was assumed to prevent sliding. A 
pressure of 1 GPa was applied to the specimen by the upper die. The upper and lower dies and the ring were both 
rigid bodies. The ring is a fixed body; therefore, it does not follow the motion of the specimen. The calculation 
model is shown in Fig. 2. 
4. Experimental results 
4.1. High-pressure torsion results 
The compression load and torque are shown in Fig. 3. The measured torque shows a drastic increase at the 
beginning followed by an almost constant value. The compression force could be maintained at a constant value 
during the entire high-pressure torsion test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Torque and compression load measured in high-pressure torsion test. 
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4.2. Stress-strain curve by the compression test 
The stress-strain curve measured by compression testing is shown in Fig. 4. By compressing the specimen to a 
50% reduction in height, a stress-strain curve could be measured up to a strain of 0.8. This result is discussed in 
Section 5 to compare it with the stress-strain curve measured using the developed method. 
5. Determination procedure for stress-strain curve 
5.1. Strain 
The way to convert the rotation angle of the upper die into strain is discussed in this section. In order to 
investigate the relationship between the rotation angle of the upper die and the average strain throughout the 
specimen, the calculation results by FEM were averaged using Eq. (1).  
¦
¦ 
i i
i ii
ave V
V HH ,   (1) 
where Have is the average strain in the specimen, and Vi and Hi are the volume and equivalent strain of an element (i), 
respectively.  
5.2. Stress 
Osakada et al. (1981) proposed a procedure to convert the compression load into a stress-strain curve using 
compression testing. His theory was modified to measure the stress-strain curve using high-pressure torsion testing. 
First, an FEM calculation was conducted using a fictitious stress-strain curve described by Eq. (2).  
001.0HV   .   (2) 
Using the calculation results, the average strain and the restraint factor, f, were calculated using Eqs. (3) and (4), 
respectively.  
¦
¦ 
i i
i ii
ave V
VVV  ,   (3) 
ave
FEMTf V  ,   (4) 
where Vave is the average stress in the specimen, Vi is the equivalent stress of an element (i), f is the restraint factor, 
and TFEM is the calculated torque. By combining the measured torque and the calculated restraint factor, f, a stress-
strain curve is obtained using Eq. (5).  
f
Texp V ,   (5) 
where Texp is the measured torque. Using the obtained stress-strain curve, this procedure was repeated until the 
difference between the formerly defined stress and the obtained stress became small enough. The obtained stress-
strain curve is shown in Fig. 4(a). 
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The stress-strain curve obtained by compression testing is also shown in Fig. 4(a). There is a large discrepancy 
between the two curves. The flow stress is based on the measured torque in the developed test, and the discrepancy 
appeared because of this measurement. In order to evaluate flow stress using the developed method, only the 
torque from the torsional deformation of the specimen should be used. However, as shown in Fig. 5, other factors 
were included in this measurement. It is very difficult to eliminate the effect of the other factors when measuring 
torque. Therefore, the difference in yield stress is recognized as the effect of the other factors. Here, it is assumed 
that the other factors caused by the friction force are at a constant value throughout the measurement. By 
eliminating the effect of the other factors, the flow stress was modified, and the modified stress-strain curve is 
shown in Fig. 4(b). It is shown that a stress-strain curve was successfully measured for strains up to 10.0. In 
addition, the stress-strain curve obtained using the developed method shows good correlation with that obtained by 
compression testing up to a strain of 1.0. It is natural that both of the yield stresses are the same. However, the 
work-hardening behaviour of the developed method corresponds with that of the compression test. This result 
shows the validity of the measured results for the developed method. The procedure for measuring the stress-strain 
curve is summarized in Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of stress-strain curves between developed method and compression test. (a) Before elimination of friction force. (b) After 
elimination of friction force 
 
 
 
Fig. 5. Schematic diagram of influence of friction forces on measured torque. 
 
 
Measured torque = (1) + (2) + (3) + (4)
(1): Torque due to torsional deformation 
of a specimen.
(2): Torque due to the friction force
between a specimen and the ring.
(3): Torque due to the friction force 
between the upper die and the ring.
(4): Torque due to the friction force 
between the lower die and the ring.
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Fig. 6. Flow chart for measuring stress-strain curve using developed method. 
6. Conclusion 
In this paper, a method using high-pressure torsion is proposed for measuring a stress-strain curve for strains up 
to 10.0. It is shown that a stress-strain curve was successfully measured for strains up to 10.0. In addition, the 
stress-strain curve obtained using the developed method shows good correlation with that by compression testing 
up to a strain of 1.0. 
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(1) Measure the torque and rotation angle of the upper die 
during HPT.
(2) Measure the relationship between the rotation angle of 
the upper die and that of the specimen.
(5) Calculate the average strain in the specimen.
(7) Modify the calculated average strain and 
the constraint factor using the measured data from (2).
(8) Determine the SS curve using the data from (1) and (7).
(6) Calculate the constraint factor.
(3) Define a temporary SS curve for an FEM calculation.
(4) Conduct the FEM calculation.
Yes
No
(12) The flow stress in (3) 
should be replaced by 
the SS curve in (8).
(11) The determined SS curve is an accurate SS curve
for the tested material.
(10) Compare the SS curve from (3) and the result from (9).
Is the difference small enough?
(9) Delete the effect of friction force from the flow stress value 
determined in (8).
